The profile of tetrahydropurine neurotoxins associated with paralytic shellfish poisoning (PSP) was determined from a Chilean strain of the marine dinoflagellate Alexandrium catenella. The toxin composition was compared with that of toxic shellfish, presumably contaminated by natural blooms of A. catenella from the same region in southern Chile. Ion pair-liquid chromatography with post-column derivatization and fluorescence detection (LC-FD) was employed for relative quantitative analysis of the toxin components, whereas unambiguous identification of the toxins was confirmed by tandem mass spectrometry (LC-MS/MS). In the dinoflagellate strain from Chile, the N-sulfocarbamoyl derivatives (C1/C2, B1) and the carbamoyl gonyautoxins GTX1/GTX4 comprise >90% of the total PSP toxin content on a molar basis. This toxin composition is consistent with that determined for A. catenella populations from the Pacific coast in the northern hemisphere. The characteristic toxin profile is also reflected in the shellfish, but with evidence of epimerization and metabolic transformations of C1 and C2 to GTX2 and GTX3, respectively. This work represents the first unequivocal identification and confirmation of such PSP toxin components from the Chilean coast. #
Introduction
The tetrahydropurine toxins associated with paralytic shellfish poisoning (PSP) are potent neurotoxins active on voltage-gated sodium channels of excitable cells (Kao and Walker, 1982) . These toxins can be divided into three structural groups ( Fig. 1 ) based on the nature of the side chain: carbamoyl (R4 = -CONH 2 ), N-sulfocarbamoyl (R4 = -CONHSO 3 À ) and decarbamoyl (R4 = -H). This family of PSP toxins includes saxitoxin and more than 20 naturally occurring related compounds (Onodera et al., 1997; Kodama, 2000) . These toxins are produced by marine dinoflagellates belonging to the genera Alexandrium, Pyrodinium and Gymnodinium, as well as by certain species of freshwater and brackish water cyanobacteria (Hall et al., 1990; Carmichael, 1994) . Suspension-feeding shellfish can be vectors of such phytoplanktonic toxins via accumulation in their tissues, but these toxins can also move directly through pelagic food chains, affecting zooplankton, fish, birds and marine mammals (Mortensen, 1985) .
In Chile the presence of PSP is endemic in the southern part of the ocean littoral. In these Austral www.elsevier.com/locate/hal Harmful Algae 6 (2007) [734] [735] [736] [737] [738] [739] [740] [741] [742] [743] [744] Regions, Alexandrium catenella has been reported as the main agent responsible for PSP toxin occurrence and shellfish contamination (Muñoz, 1985; Cassis et al., 2002; Lagos, 2003) . A. catenella was first recorded in the Magellan strait in 1972 and since then its known range in Chilean waters has expanded from 55855 0 S to 44844 0 S. Furthermore, the seasonal frequency and dispersion also appears to be increasing (Guzmán et al., 2002) . During the last three decades, several hundred people in Chile have suffered from PSP syndromes, and more than 25 humans have died after shellfish consumption. As a consequence, quarantines have frequently been imposed on shellfish collection, transportation and commercialization. Since 1991, PSP outbreaks have been recorded continuously in this geographical area. Most studies on PSP toxin occurrence and composition in Chile have been devoted to the analysis of these toxins in shellfish, such as the Chilean blue mussel Mytilus chilensis (Andrinolo et al., 2002; García et al., 2004) , the striped mytilid (or Chilean ribbed mussel) Aulacomya ater (native name ''cholga'') (García et al., 2005) , and two carnivorous gastropods, Concholepas (native name ''loco'') and Argobuccinum ranelliformes (native name ''caracol del sur'') (Compagnon et al., 1998) . Some research has also been conducted on toxin kinetics and dynamics of PSP toxin components of A. catenella in mammalian subjects (Andrinolo et al., 2002) . Nevertheless, the toxin profile of the causative organisms in Chile has not been heretofore clearly identified and confirmed by advanced analytical methods.
This article reports the first confirmatory analysis of a Chilean strain of A. catenella simultaneously carried out by liquid chromatography with post-column derivatization followed by fluorescence detection (LC-FD) and with tandem mass spectrometry (LC-MS/MS). These data are compared with PSP toxin profiles reported from mussels of the same temporal and Fig. 1 . Naturally occurring PSP toxins found among various marine dinoflagellates and toxin vector organisms, including carbamate, Nsulfocarbamoyl, and decarbamoyl derivatives. Saxitoxin = STX; neosaxitoxin = NEO; gonyautoxins 1,2,3,4 = GTX 1,2,3,4; B1 (=GTX5); B2 (=GTX6); dc = decarbamoyl toxins. geographical provenance, with respect to the processes of biotransformation and toxin metabolism in associated toxic shellfish.
Materials and methods

Culture and harvest of A. catenella
A Chilean strain ACC02 of the dinoflagellate A. catenella was isolated from live phytoplankton samples collected in the Coastal Channel, XI Region of Chile in 1994. Cultured cells were kindly provided by Dr. Sandra Madariaga and Ms. Miriam Seguel, Universidad Austral de Chile, Puerto Montt. Cells were grown in L1-enriched seawater growth medium (Guillard, 1972) at 16 8C on a 16:8 h light:dark photocycle and harvested in late exponential phase.
The cell pellets were harvested by centrifugation (3220 Â g, 15 min at 4 8C), suspended in 1.0 ml of 0.03 M acetic acid, and subsequently transferred into a FastPrep tube containing 0.9 g of lysing matrix D. The samples were homogenized by reciprocal shaking at maximum speed (6.5) for 45 s in a Bio101 FastPrep instrument (Thermo Savant, Illkirch, France). After homogenization, samples were centrifuged (Eppendorf 5415 R, Hamburg, Germany) at 16,100 Â g at 4 8C for 15 min. The supernatant (400 ml) was transferred to a spin-filter (pore-size 0.45 mm, Millipore Ultrafree, Eschborn, Germany) and centrifuged for 30 s at 800 Â g. The filtrate was analyzed by LC-FD with post-column derivatization and LC-MS/MS, respectively.
Analytical reagents
Water was deionized and purified (Milli-Q, Millipore GmbH, Eschborn, Germany) The LC-FD analysis was carried out on a LC1100 series liquid chromatograph (Agilent Technologies, Waldbronn, Germany) coupled to a PCX 2500 postcolumn derivatization system (Pickering Laboratories, Mountain View, CA, USA). The LC-system consisted of a G1379A degasser, a G1311A quaternary pump, a G1229A autosampler, a G1330B autosampler thermostat, a G1316A column thermostat and a G1321A fluorescence detector.
Chromatographic conditions were as follows: mobile phase A: 6 mM 1-octanesulphonic acid and 6 mM 1-heptanesulphonic acid in 40 mM ammonium phosphate, adjusted to pH 7.0 with dilute phosphoric acid and 0.75% THF for the gonyautoxin group; mobile phase B: 13 mM 1-octanesulphonic acid in 50 mM phosphoric acid adjusted to pH 6.9 with ammonium hydroxide and 15% (v/v) of acetonitrile and 1.5% of THF for the saxitoxin group. The flow rate was 1 ml min À1 with the following gradient: 0 min, 100% A isocratic to 15 min, switch to 100% B until 16 min, isocratic B until 35 min, switch to 100% A until 36 min, isocratic 100% A until 45 min (=total run time). The autosampler was cooled to 4 8C and the injection volume was 20 mL. The separation of analytes was performed on a 250 mm Â 4.6 mm i.d., 5 mm, Luna C18 reversed-phase column (Phenomenex, Aschaffenburg, Germany) equipped with a Phenomenex SecuriGuard pre-column. The eluate from the column was continuously oxidized with 10 mM of periodic acid in 550 mM ammonium hydroxide at a flow rate of 0.4 ml min À1 in a reaction coil set at 50 8C. Subsequently, the eluate was continuously acidified with 0.75N nitric acid at a flow rate of 0.4 ml min À1 and the toxins were detected by a dual monochromator fluorescence detector (l ex 333 nm; l em 395 nm). Data acquisition and processing was performed with the HP ChemStation software. The C-toxins were identified indirectly by desulfonation to the respective gonyautoxins with 1 M hydrochloric acid at 90 8C. Hydrolyzed samples were re-injected and gonyautoxin concentrations of the non-hydrolyzed samples were subtracted from the respective hydrolyzed samples. The obtained gonyautoxin concentration is equivalent to content of the respective C-toxin (for chemical structures see Fig. 1 ). PSP toxin concentrations were determined by external calibration.
Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS)
Mass spectral experiments were performed on an ABI-SCIEX-4000 Q Trap, triple quadrupole mass spectrometer equipped with a TurboSpray 1 interface coupled to an Agilent model 1100 LC. The LC equipment included a solvent reservoir, in-line degasser (G1379A), binary pump (G1311A), refrigerated autosampler (G1329A/G1330B), and temperature-controlled column oven (G1316A).
Mass spectrometric analyses for PSP toxins were performed according to the hydrophilic interaction liquid ion-chromatography (HILIC) method (Dell'Aversano et al., 2005) with slight modifications. The analytical column (250 mm Â 2 mm) was packed with 5 mm TSK-gel Amide-80 1 (Tosoh Bioscience LLC, Montgomeryville, PA, USA) and maintained at 35 8C. The flow rate was 0.2 ml min À1 and isocratic elution was performed with two eluants at a ratio of 35% A and 65% B, where eluant A was water and B was acetonitrile/water (95:5, v/v), both containing 2.0 mM ammonium formate and 3.6 mM formic acid (pH 3.5).
Multiple reaction monitoring (MRM) experiments were carried out in positive ion mode by selecting the following transitions (precursor ion > fragment ion), period 1 (B-, C-and gonyautoxins): m/z 412 > 332 and m/z 412 > 314 (for GTX1/GTX4 and C3/C4), m/z 396 > 316 and m/z 396 > 298 (for GTX2/GTX3, C1/C2 and B2), m/z 380 > 300 and m/z 380 > 282 (for B1), m/z 353 > 273 (for dcGTX2/dcGTX3), m/z 369 > 289 (for dcGTX1/dcGTX4); period 2 (STX, NEO and their decarbamoyl derivatives): m/z 300 > 282 and m/z 300 > 204 (for STX), m/z 316 > 298 and m/z 316 > 196 (for NEO), m/z 257 > 196 and m/z 257 > 156 (for dcSTX) and m/z 273 > 255 (for dcNEO). Dwell times of 100-200 ms were used for each transition. For these studies the following source parameters were used: curtain gas: 30 psi, temperature: 650 8C, ion-spray voltage: 5000 V, gas 1 and 2: 70 psi, interface heater: on, collision gas: high, declustering potential: 50 V, entrance potential 10 V, collision energy: 30 V and collision cell exit potential: 16 V.
Results and discussion
The PSP toxin profile of the cultured Chilean strain of A. catenella, as determined by LC-FD (Fig. 2) , revealed the presence of the following toxins in decreasing order of molar percentage of total content: C1/C2 (57%), GTX1/GTX4 (24%), B1 (=GTX5) (13%), GTX2/GTX3 (3%), NEO (2%) and B2 (=GTX6) (1%). The epimeric pairs (e.g. GTX1/GTX4) were separated analytically but shown here as combined because of facile epimerization to thermodynamic equilibrium during sample handing, preparation and storage. Saxitoxin, dcSTX, dcGTX2, dcGTX3, C3 and C4 were only present in trace amounts (<1 mol%).
Ion-pair chromatography with post-column derivatization and fluorescence detection is a common method for the determination of the highly hydrophilic PSP toxins. The PSP toxins, as non-fluorescent tetrahydro purine compounds, are first separated on a chromatographic column and after elution they are oxidized to fluorescent imino purine derivatives. Identification of toxins is achieved by comparison of retention time and fluorescence response at specified wavelengths to certified reference compounds. Nevertheless, although this method is very sensitive and can provide excellent quantitative results for known analogues and despite of is relatively high specificity, the technique is prone to artefacts and phantom peaks that compromise specificity (Jaime et al., 2001; Biré et al., 2003) . For example, unknown compounds of bacterial origin may co-elute with and thus interfere with detection of GTX4 (Baker et al., 2003) . Additionally, other fluorescent (but presumably nontoxic) cell constituents may elute very early in the chromatogram, thereby interfering with early eluting PSP toxins, especially with the N-sulfocarbamoyl Ctoxins and gonyautoxins.
We therefore assured unambiguous identification and confirmation of the toxin components by minor modifications of the HILIC-LC/MS method (Dell 'Aversano et al., 2005) , which does not involve ion-pair reagents and is thus compatible with mass spectrometry. The HILIC-LC/MS method confirmed the identity of the key toxins C1, C2, GTX1 and GTX4 in the Chilean strain of A. catenella, and also detected traces of toxins C3 and C4, which were not detectable with the LC-FD method. This is presumably due to different toxin response factors and detection limits of the respective methods (see Table 1 ). For example, the detection limit for GTX3 is lower by the fluorescence method than by mass spectrometry, but this pattern is reversed for the N1-hydroxy carbamoyl toxins such as GTX1/GTX4. Similarly, the N-sulfocarbamoyl epimeric pairs C1/C2 are detectable by fluorescence at a lower concentration limit than the corresponding N1-hydroxy toxins C3/C4, even though the exact response factors could not be determined for the latter pair, because of the lack of certified standards. For the first time, an analysis of the PSP toxin profile of A. catenella has been performed by liquid chromatography with post-column derivatization and fluorescence detection, and then compared with the profile determined by an LC-MS/MS technique with a high degree of sensitivity and specificity. The spectra of A. catenella toxins (Fig. 3) are consistent with published LC-MS/MS spectra of PSP toxins (Dell'Aversano et al., 2005) . A drawback of the HILIC-MS/MS method is the concentration-and matrix-dependence of the ionization of PSP toxins. For comparison, in Fig. 4 the total ion chromatogram of a reference sample is superimposed Fig. 3 . MS/MS spectra of the most abundant PSP toxins in Chilean strain ACC02 of A. catenella.
upon that of the same sample diluted 1:10 with extraction buffer. Ionization of the C-toxins is clearly suppressed at higher sample concentrations. This makes it difficult to obtain an accurate quantitation of PSP toxins by HILIC-MS/MS if external calibration is used, and almost impossible if certified analytical standards for certain derivatives are lacking, which is the case for the C-toxins. Precise and accurate quantitation of the class of PSP toxins remains challenging and is best achieved by combining LC-FD and LC-MS/MS methods.
In marine dinoflagellates, the PSP toxin content (cell quota) may vary over time and is subject to changes in environmental conditions (Cembella, 1998 ). Yet at least among toxigenic members of the genus Alexandrium, the toxin profile is genetically determined and remains roughly constant over time (Cembella and Destombe, 1995) . With few exceptions, such as extreme nutrient deprivation that may cause a shift in the toxin profile in senescent batch cultures (Boczar et al., 1988) , isolates in exponential growth phase tend to maintain their ''molecular fingerprint'' of toxins in culture. This makes it possible to compare toxin profiles from Alexandrium species and strains in long-term cultures, even if the isolates were not collected at the same time. The profile of the Chilean A. catenella differs substantially from that of natural blooms and cultured isolates of the related species A. tamarense associated with shellfish toxicity and elevated fish mortalities in Nova Scotia, eastern Canada (Cembella et al., 2002) . The toxin composition of the A. catenella from Chile, with a high relative contribution of the N-sulfocarbamoyl toxins, especially C1/C2 and B1, is consistent with the results of previous analyses of this species from the temperate waters of the North East Pacific (Cembella et al., 1987) , Chile (Carreto et al., 2001) and Korean waters (Kim et al., 2005) . The presence of toxin B2 and a high proportion of GTX1 and GTX4 are also characteristic of both the Chilean isolate and of A. catenella from Washington State, USA, but these toxins are inconsistently represented in the profile of isolates from British Columbia (Cembella et al., 1987) . The low percentage of the carbamoyl toxins NEO and STX is entirely consistent with the global pattern found for other A. catenella strains. The decarbamoyl toxins are rarely found in healthy actively growing dinoflagellates; they are more common in shellfish as metabolites of carbamoyl or N-sulfocarbamoyl precursors. The presence of dcGTX at trace levels in the Chilean strain may be correct, but it is likely that (if present) the decarbamoyl toxins were overlooked in previous analyses of this species when standards and confirmatory methods were lacking.
Several studies have demonstrated differences in the relative levels of the various PSP toxin components in toxic dinoflagellates and different shellfish species collected in the same area (Oshima et al., 1976; Onoue et al., 1981) . After consideration of many caveats, including the likelihood of selective retention and elimination of particular toxin analogues, metabolic transformations, and facile conversions due to physicochemical factors (e.g., pH, temperature), it is also possible to reasonably compare the toxin profiles of shellfish with those of the causative dinoflagellates (Oshima et al., 1990; . In Fig. 5 we compared the toxin profile of a Chilean strain of A. catenella strain isolated from the Coastal Channel (XI Region) in 1994 to the toxin profile found in A. ater in the same region in 1996 (Compagnon et al., 1998) . At first glance, the toxin profiles of the dinoflagellate and the shellfish do not seem to be a close match. Specifically, in contrast to the A. catenella profile, in A. ater the toxins C1/C2 are present in only very low relative amounts, whereas NEO and STX are enhanced. Furthermore the ratios of the epimeric pairs GTX4/ GTX1 and GTX3/GTX2 are reversed. Nevertheless these differences can be largely accounted for via metabolic conversions and differences in the methodology of sample preparation. In vitro studies comparing bioconversions of purified PSP toxins in tissue homogenates of shellfish of different clam species (Fast et al., 2006) and differences in toxin profiles in field specimens of various bivalves, including sea scallops (Placopecten magellanicus) and surf clams (''quahogs'') from the same geographical areas have demonstrated differential capacity for toxin biotransformation. Thus, conversion of N-sulfocarbamoyl toxins (e.g., C1/C2, B1/B2) to the corresponding carbamoyl analogues (GTX2/GTX3, STX/NEO) in shellfish tissues can occur due the activity of natural reductants such as glutathione or to activity of enzymes such as sulfotransferases.
Simple enantiomeric toxin conversions via keto-enol tautomery (epimerization) of the b-epimers (e.g., C2, GTX3, GTX4) produced by the dinoflagellate to their aanalogues (e.g., C1, GTX2, GTX1) in shellfish occurs spontaneously in response to physico-chemical factors, such as pH. The ratio of the enantiomeric pairs GTX1/ GTX4 and GTX2/GTX3 determined in A. ater was 3:1, which is the thermodynamic equilibrium. However, in A. catenella the energetically less stable enantiomers GTX4 and GTX3 were more abundant than their respective partners. This is strong evidence that A. catenella produces only one enantiomer (the b-form), and it is very likely that epimerization takes place after biosynthesis. At this point it is not clear whether epimerization occurs within intact live cells or if it is exclusively a sample preparation effect. This is also the reason why amounts of enantiomeric pairs should only be given as sums, unless it has been proven that the respective experimental conditions do not alter the ratios. Here we provide the amounts of the single enantiomers only for comparison, but we do not claim that they represent a stable accuracy.
Sample preparation is another factor that may account for the difference in toxin profile between the shellfish and the dinoflagellate putatively responsible for the toxicity. We extracted A. catenella cells with 0.03 M acetic acid at room temperature, whereas the A. ater samples were processed according to the standard mouse bioassay protocol (AOAC, 1990) , which includes boiling the samples in 0.1 M hydrochloric acid. Heating with hydrochloric acid is also used to convert N-sulfocarbamoyl toxins into the corresponding carbamoyl toxins for the indirect determination of N-sulfocarbamoyl toxins, for which standards are not available.
Desulfonation by enzymatic activity or natural reductants (e.g. glutathione) in shellfish and acidic hydrolysis during sample preparation act in the same direction, namely the conversion of C-toxins into gonyautoxins. The chemical instability of the Nsulfocarbamoyl C-toxins is also reflected in their mass spectra. The N-S bond is the weakest in the molecule, and desulfonation of the C-toxins already occurs in the ion-source of the mass spectrometer. Due to the insource fragmentation and desulfonation of the C-toxins, their mass spectra are almost identical to those of their respective desulfonated gonyautoxins (compare spectra of C2 and GTX3, and C4 and GTX4 in Fig. 3 ). In the mass spectra of C-toxins, pseudo-molecular ions are never observed, but their respective [M + H À SO 3 ] fragments are detectable.
Taking into account the chemical lability of the Ctoxins, it is obvious that the high percentages of GTX2 and GTX3 in A. ater do not reflect the original toxin composition of the causative organism, but are rather a result of shellfish metabolic activity and sample treatment artefacts. Interpreted with knowledge of the cited metabolic and physico-chemical transformations, the reconstructed profile from the shellfish fits very well with the scenario of contamination by A. catenella. Interestingly C 11 -sulfated C-toxins are almost quantitatively desulfonated, whereas C 11 -unsulfated B1 remains unaffected and is found in comparable amounts in the producing dinoflagellates as well as in shellfish. If in addition to the N-desulfonation, a desulfatation at C 11 takes place, C1 and C2 will be finally converted to STX (Laycock et al., 1995) , which makes up 2% of the total toxin in A. ater but is found only in trace amounts in A. catenella.
A few species of shellfish, particularly clams such as Spisula solidissima and Protothaca staminea, are known to metabolize PSP toxins by cleaving the carbamoyl group and thus forming decarbamoyl toxins (Sullivan et al., 1983; Cembella et al., 1994; Fast et al., 2006) . Decarbamoyl toxins are rarely found in dinoflagellates, but there some exceptions-certain strains of Gymnodinium catenatum produce dcGTX2 and dcGTX3, and dcSTX sometimes occurs in small quantities in the tropical species Pyrodinium bahamense var. compressum (cited in Cembella, 1998) .
The decarbamoyl toxins are almost completely absent from Alexandrium, and the trace levels occasionally reported must be regarded cautiously since the carbamoylase enzyme has never been reported from the dinoflagellates. The presence of substantial decarbamoyl toxins in shellfish is typically the result of post-digestive enzymatic conversion by endogenous carbamoylase produced by shellfish. This metabolic activity seems to be relatively low in A. ater, because dcSTX makes up only 1% of total PSP toxin content. Decarbamoyl gonyautoxins were not measured by (Compagnon et al., 1998) , probably due to technical limitations and/or the absence of reference standards, but it is unlikely that they were substantially present because the carbamoylase enzyme that converts STX to dcSTX is also active (but with different affinity) in converting GTX2/GTX3 and their precursors C1/C2 to their respective decarbamoyl analogues.
Conclusion
The toxin profile obtained for a Chilean strain of A. catenella is generally characteristic of that found in populations of this species from the Pacific Ocean in the northern hemisphere. When corrected for predictable metabolic conversions in shellfish and expected sample preparation artefacts, it is also consistent with that reported for the suspension-feeding mytilid A. ater collected later from this same region of the Chilean coast. Specifically, the high relative concentration of GTX2 found in the shellfish is best explained via conversion of the predominant toxin C2 toxin in A. catenella via desulfonation and epimerization. The same interpretation applies to the ratios of GTX1 and GTX4 found in A. ater and A. catenella, respectively, whereby the dinoflagellate presents a higher mole percentage of the thermodynamically less stable enantiomer GTX4 than the shellfish. The strong circumstantial link between the presence of A. catenella blooms and corresponding shellfish toxicity and toxin profile in the Chilean blue mussel M. chilensis (Lagos, 2003) led to the conclusion that this dinoflagellate is a major source organism for PSP toxins in Chile. The complete analysis of toxin profiles supported by LC-MS provided here is further evidence that in the south central region of Chile, A. catenella is the predominant (if not exclusive) source of PSP toxin contamination in shellfish. When cautiously interpreted, such analyses of toxin profiles, particularly involving confirmatory methods such as LC-MS, can provide new insights into patterns and sources of toxin accumulation in marine food webs.
